SUMMARY
This paper is concerned with the research activities on manmachine systems at the Department of Industrial Engineering at Eindhoven University of Technology. This research is carried out in field situations as well as in the department laboratory by means of a digital simulation of an industrial distillation process.
After a brief survey of research topics, the paper fcc~"'es first on a detailed description of simulation soft-and hardware as well as of special software for control of ergonomic experiments. In the second part the results of a pilot-study with the simulated process are presented. The aim of this study was to acquire experience with the simulation itself and to investigate the learning behaviour of experienced and non-experienced subjects.
At the same time the effects of speeding up the simulation on control performance and control behaviour were investigated. 1S to provide data in order to optimize future and existing manmachine systems with respect to technical, economic and social criteria.
Field research is done at the chemical industries DSM in the southern part of the Netherlands. The resuLts reportt'd by Kragt arid Landeweerd (1975) provided the guidelines for further activities of both continued field research (Paternotte. 1975) and the development of a simulated process in the laboratory (Verhagen, 1975) .
The laboratory plant is a copy of an existing distillation column at DSM. This set-up offers fruitful possibilities for implementing and validating experimental results. At the same time it will be possible to answer questions about the real situation that cannot be explored there, due to the uncontrollability of several disturbing sources and the costs involved.
The choice of an industrial distillation plant as a res2Clrc> tool was based upon the following considerations:
It is very difficult to generalize research findings from complex man-machine systems (e.g. electric energy plants, chemical plants, air traffic control systems) to each other. Therefore it seems useful to start research with a widespread industrial process like distillation. Another important consideration was the accessability of the field situation and the cooperation and participation of control engineers and production staff for which DSM offered the best opportunity. Moreover, the set-up of the simulation was largely facilitated by the existence of a static control model of the distillation plant, kindly made available by DSM.
RESEARCH PROJECTS
At this moment the following research projects are started or in progress (more detailed information can be found in Paternotte, 1976) : 2.1. Internal RepPesentation. Important aspects of the task of the human operator are of a mental nature. It ~s assumed that the operator has an internal representation of the process he is controlling. In this research the effect of factors as: intelligence, education and experience on the development of that internal representation are investigated as well as the relation between internal representation, control performance and control behavi0ur.
The influence of several individual fat'tors "m tlwl rt.'lntion is studied as well.
Worksatisfaction of Operators.
Subject is the kind of relation between the work-intrinsic factors, traits of the operator and pleasure in performing the job. The aim 1S to develop a method with which tasks can be constituted, so that these will suit the best to the needs of the operator. Analyses of the visual scanning behaviour will be used to determine the subjective uncertainty of operators in relation to.the information presented.
Information and

Human ReliabiZity.
The first aim is the definition of the concept of human error and the estimation of probability of occurence frequencies in real situations. By means of the critical incident technique the factors affecting human reliability will be identified. This concerns both aspects of human operators (e.g. skills, training, personality traits) and technical aspects (e.g. interface design, failure rates, etc.). The next step will be the investigation of these factors in the laboratory in order to quantify their relative importance to human reliability.
Classification of Tasks and Abilities.
Obviously, the benefits of research will be greater if the results can be applied to a diversity of control tasks. ';.Je consirlr:1t" classification system as a set of at least nominally ordered categories in terms of which all objects in a defined set can be objectively described. Different objects can be compared when they are described in terms of the same classification system. To be of use for the mentioned research projects, the classification system must allow the ordering of tasks as well as abilities. 
Experiment
OUTLINE OF THIS PAPER
The foregoing presentation of backgrounds and research projects was meant to present the context in which the following paragraphs must be seen, and to give a wider bearing to the information concerning the man-machine system research projects.
The following sections discuss in more detail two of the before mentioned projects ~ The primer is a Idetailed description of the simulation soft-and hardware together with a description of experiment and data handling techniques (see 2.6.). The latter presents the results of a pilot-study with the simulator. This study was part of the project Information and Performance (see 2.3.) and was aimed at assessin8 data on operator performance, learning effects and effects of increasing simulation speed.
THE PROCESS SIMUMTION AND THE EXPERIMENTER'S FACILITIES
The Simulated Pr-oeess
The process used for research on operator behaviour, is a single distillation column with 63 trays, 34 m high. The simulation is based on a model of a real column at DSM. It is a part of a plant of four distillation columns.
Simulation of the whole plant, in order to build a complete operator task, is a goal for the near future. 
HardWare ~onfiguration
The simulation has been implemented en a DEC PDP 11/40 minicomputer with 32 k core memory under RT 11 Foreground/Background operating system. The current simulation program including experimenter's interaction and CRT usage requires about 10 k of memery. -8 Analog inputs are used for transfer of setpoint-information from IO-turn potentiometers.
-1 Digita\ output register is used to dr~ve 64 output channels.
6 Bits are used for addressing 64 DA-converters, 10 bits contain the output information.
1 Digital input register is in use to transfer certain functions which can be set by switches.
-1 Digital input register will be used for switching manual and automatic control on some control loops.
-1 Digital output register may be used to activate alarms. An input-output bus system will be installed to provide more flexible consoles for the operator as well as for the experimenter. 
Specific Descviption of Modules
TIle sequence of the different program modules in the simulatic~ controlled by a so-called experiment monitor (see figure   4 .3.) from which the modules are called as subroutines.
A programmable clock controls the timing during dynamic simulation. The cycle time can be changed by changing the contents of the clock buffer from which clock ticks are coun+~?r' ..
Flags can be set on-line to put the simulation in cer'::a.~n modes tsee further). Following are descriptions of some of the modul '
Tn some, the first few instructions test flags to determine whether or not the full module will be executed. 
Start, info., exit: perform experimenter oriented functions
fo~ experiment controL These functions will be reviewed in the next section. C. Interaction: the process state can be viewed on CRT. Additional information can be produced on demand. However, in the near future the experimenter only will have a teletype available for experiment control. It has been decided that this will be all of an experimenter's console since hardware requirements
Experiment Cantro
could as yet not be formulated.
For full monitoring and control of the experiment, the experimenter has the following facilities. All of them are available via two-character commands. Resetting the performance criteria on-line is possible, as well as restarting the experiment.
-Influencing the process: as said before, breakdowns and major disturbances cannot be simulated at the moment. The experimenter can put small steps upon the feedconcentration, in the future also on steam pressure and outside temperature (influence respectively the heatflow and the coldflow in the heat balance). Information presentation of the output concentration on the control panel can be changed from continuous to intermittent presentation, thus simulating chromatograph output.
More facilities can easily be built in since every option is treated as a subroutine. Core space can be saved when using overlays. In the future a multi-tasking operating system will be used in which several program tasks may work on the same simulation data base. When a data-file is opened by the experimenter, in fact two files are opened. On one, the raw data of the experiment are stored, one set of variables at a time. On the other file data are rearranged after the experiment in blocks of the same variable. At the beginning of the file, some experiment information is stored in ASCII code, and of course the process state from which the e.xperimenc is started. It is also possible to store observations, brought into the computer with a push-button box. For quick analysis after an experiment the rearranged data can be inspected on CRT with help of a software package provided by DEC, called SPARTA.
One or two variables can be shown on a graphic display at a time.
Mathematical calculations can be performed on buffer contents.
They can be added to, subtracted from, multiplied with or divided by other buffers and scalars. Smoothing, autocorrelatioi, (:"'08S-correlation and power spectrum analysis can be performed.
Off-line Analysis
Operator behaviour can be studied by observation as well as controlaction analysis. It may thus be possible to determine on which base the operator has taken his decisions. 
Data Reduction
The above mentioned data-storage system requires a considerable amount of disk space. However, six full days of experimenting can be stored on one disk. The minimum amount of data needed to replay an experiment consists of starting values plus all actions taken by both operator and experimenter. This reduces the storage room to at least onetenth of the original file.
Future DeveZopments
Some plans for the near future have already been mentioned. First of all will be the introduction of a multi-tasking operating system in which functions as model, input/output and interaction can be treated as separate tasks. Tasks of lower priority such as information to the experimenter will not interfere any more with tasks of higher priority such as calculation of model equations. A more flexible information presentation to both experimenter and operator may be developed by using CRT and lightpen.
Simulation of the full plant with four distillation columns and storage tanks wi 11 be achieved in the next fet .. years.
A PILOT STUDY WITH THE SIMULATOR
1. Introduction
Before initiating research into relations between information presentation, control behaviour and control performance, it was necess.ary to gain some knowledge about learning as quantified by the improvemen t of control performance due to achieving control skill by continued performance of a control task.
A first step to this is to repeat a standard experiment several times in order to measure the change and rate-ai-change of the control performance.
Assuming that there \-lill be no fatigueing effects and that motivation will remain constant, this procedure shall be continued until a stable learning platform is reached. For this purpose the pilot \.
concentration variables:
-bottom product impurity XB = 5%; -top product impurity YD = 0.05%. 
ControZ Room
The experiment is carried out in a control room (CR) with the follo- The other control settings were fixed during the whole experiment.
Suhjeats
The subjects were six undergraduate students recruited from sev(>rnl departments of the university (industrial, mechanical and chemical engineering) by means of written anouncements on publication boards.
Two of them had experience with process control tasks.
One had participated in a previous fast-tine (lOx) experiment (Verhagen, 1975 ) the other had been a process operator in the petrochemical industry.
The subjects were paid according to the wage-scales for student employees.
Instruation
The subjects were informed about the nature of the research project and the meaning of the experiment. A few days before the experiment started, the subjects received a written instruction with the request to study it. This instruction consisted of a sho.rt description of the research project, a chapter with a description of theoretical and technical aspects of distillation and, more detailed, a description of the various effects of changing control loop settings.
The instruction ended with questions concerning control decisions in various situations. Prior to the experiment these questions were discussed with the experimenter. When the theoretical aspects proved to be no problem any more, the control panel was explained. By means of some standard questions it was assesed whether the subject knew the various instruments and their functions. The next step was to explain the control task as described in section 5.2.2. A number of standard questions were asked to asses whether the control goal was clear to the subject. If so, the simulation was tialized and the experiment started.
After about thirty minutes the simulation was stopped either by the experimenter of by simulation breakdown. This period was considered to be a familiarization period, essential to give the subject the necessary control feeling. In previous experiments it happened that the simulation model limits were exceeded by subjects without any control experience. A familiarization period of thirty to be' ",.,0£u1 in ];..K:o\:iding the minimum amount c f . ' r : skill necessary to keep the simulation within limits. This condition equalled more or less the real situation: the real process has about the same limit values that should not be exceeded in order to maintain production.
Results
Learning Effeats
The P-saorcs of the four real-time trials are plotted :n figure 5.5.
Figure 5.6. shows the average P-scores. As can be seen in the figures, there is a tendency for increasing performance at the first three trials and a slight decrease at the fourth trial.
A first step to test the significance of these differences is the application of the Friedman two-way analysis of variance by ranks (Siegel, 1956 ).
The computed value of X 2 :15 (K=4, N=6). The probability of The next step is to determine between which pairs of trials a difference exists. This is done by means of the sign test (Siegel, 1956) , applied to the pairs of interest, being the combinations of trials 1-2, 2-3 and 3-4. The results are as follows:
difference between trial pair }-2 (6+), p = 0.016; difference between trial pair 1-3 (6+), p 0.016; difference between trial pair 3-4 (2+, 4-), p = 0.34.
With a rejection region a=0.05, it can be concluded that there is a learning effect during the first three trials.
The scores concerning the aontrol behaviour were partly destroyed.
This was due to two causes: first, there was no control on correct on-line data storage which caused unobserved creation of incom-;:-lete data-files. Second, it was found during off-line data-8.na~ lysis that several files were intermixed, 1y d\.l" to at:
erroneous file reorganization procedure.
Measures have been taken to prevent these problems by checking data-storage on-line and by copying data-files on a separate disk, only accessible for off-line analysis.
The remaining scores concern those of the subjects 2, 3, 4 and 5.
A Friedman test as described before, shows results as presented in table 1, column A.
The conclusion is that there are no differences.
Effects of Speeding up the Simulation
The plotted P-scores in figure 5 .5. show a high increase for subject 3 and an exceptionally high increase for subject 4 at trialS.
As subjects 3 and 4 were the most experienced subjects, they were asked immediately after trial six about their experiences with speeded-up simulation.
Their answer was that they realized too late that they had to do with quickened process responses, although this seemed clear to them at the instruction.
Furthermore they told that during trial S1.X they were ;?,lert on quick responses and encountered no more problems.
A Friedman (K=3, N=6) test on the P-scores of trials 4, 5 and 6 shows no differences between these trials. The x 2 value was 0.33, having r a probability of occurrence, under H , of p=O.956. This leads to the o conclusion that, with respect to control performance, there is no difference between the real-time and the fast-time (up to lax) control task.
Of course this is partially due to the nature of this non-parametric test, giving equal weight to the differences in subject scores. However, the fact that only two subjects deviated markedly at trialS, and for special reasons, seems to make the conclusions based on the Friedman test at least plausible.
Concerning the effects of speeding up on control behaviour the following test procedure was applied: 
Effects of Previous Experience
By observing the plotted P-scores in figure 5.5. of trials 1 to 4, it can be seen that the subjects with previous experience do not deviate a great deal from the others. Subject 4, the one with experience in real plants, shows the strongest effects: at the trials 1. 2 and 4 he has the low~st P-score although these differences are not large. Subject 3, the one with simulation experience, even has the highest score at trial I but does not differ from the others at trial 2, 3 and 4. As a statistical test of significance of these differences, the Kendall coefficient of concordance, W, is computed for the rankings of P-scores of trials I to 4 for each subject (Siegel, 1956 ) .
W was found to be .44 with s = 122 (N = 6, K = 4).
The critical value at the 0.05 level being s ~143,3 the conclusion is that no association exists between subjects concerning their control performance. However, as subject 4 accounts for the greater part of the s-value (81 out of 122) it seems that experience has some effects in that it leads to a constant position in the lower P-score region.
Concerning the control behaviour, the same test (for K = 4, N = 4) is applied.
Significant W values are found for the following indicators of control behaviour (u=0.05).
-numver of temperature control actions; number of reflux control actions; -average interval between temperature control actions; -average interval between reflux control actions; -average amplitude of reflux control actions.
The first four effects are most likely due to subject 5, having a high score with respect to the number of control actions and a low score with respect to the average interval between control actions. Of course with a high number of control actions the average interval between control actions will be shorter. The only effect probably related to experience has to do with the average amplitude of reflux control actions. This is due to subject 4, who has a markedly lower score.
Subjects' Comments
The general impression of subjects concerning the fidelity of the simulation was that it meeted their expectations as based on their various backgrounds. An exception was made for the readings of the temperature profile recorder. Three subjects said to believe that this instrument did not provide realistic information (thi s 'vas a correc t diagnos is, the temperature profile being a rough approximation requiring improvement, see section 4.3.1.). The control panel was less approved of. Both the panel lay-out and the panel type (requiring a standing position) were critized with respect to various ergonomic criteria.
A further remark was that the-panel lay-out was less important during fast-time simulation, especially with a speed factor of la, because the only readings used in that situation were the control loop variables and the concentration variables.
The control room and control room conditions were generally approved of.
ConcZusions and discussion
The results of the pilot-study lead us to the follmving conclusions: With respect to Zeaming effects, the hypothesized effects are observed at the control performance scores, but not at the scores of the control behaviour.
With respect to the effect of speeding up the simulation, it is found that the control performance does not change with the speed factors 3x and lOx. The observed changes at the scores of the control behaviour have only to do with technical aspects of fast-time simulation and are not due to changes in control behaviour itself. However, from the subjects 1 comments it can be concluded that, with increasing simulation speed, the control strategy changes from feed-forw-ard control to feed-back control. This stresses the need to look for alternative measures of control behaviour e.g. measures of scanning behaviour.
With respect to the effects of experience no conclusive results are found. The effects of speeding up the simulation seems promising respect to future fast-time simulation research. However, there is a factor involved that has not yet been mentioned. The control task used in this study is adopted from a real situation in which one operator controls eight distillation columns simultaneously. Assuming that this does not present an excessive mental taskload for the operator, it seems reasonable to assume an underloading of the subjects, especially after the learning trials.
Increase of simulation speed will probably increase the mental taskload. A cue to this may be that several subjects reported a reduced use of displays with increasing simulation speed. Therefore the fact that control performance does not change may be due to spare mental capacity. In real situations and more extensive laboratory tasks (as planned), this may be different. A tentative conclusion is therefore that speed factors up to 3x may be useful.
Another question may arise concerning the application of non-parametric tests. This suggests a mere ordinal measurement of control performance and control behaviour. It can be argued that the P-scores are measured on a ratio-scale. Moreover, the subjects actually had to use a ratio-scale in estimating deviations from their control goal.
The aim of this study, however, was not a precise determination of differences of control performance but was meant to answer questions like: How quick will subjects learn the control task?
And what are the effects of speeding up the simulation? Therefore it was decided to start with a rough analysis. In a later stage of the research project the data will be compared more precisely with those of other experiments. 
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